Heavy metal pollution has increased in the last decades. Water sources are contaminated and human exposure is often long term exposure to variable amounts of different metals. In this study, male Sprague-Dawley rats were exposed via oral gavage for 28 days to cadmium (Cd) and chromium (Cr), alone and in combination at concentrations 1000 times the human World Health Organization`s acceptable water limits. Rat equivalent dosages were used.
Introduction
The growth in the industrial sector has provided many benefits since its establishment, but has come with some unfavourable environmental effects. Heavy metals have become synonymous with industrial pollution due to their toxicological and physiological effects on the ecosystem (Al-Othman and others 2012). Most of the heavy metal pollution can be linked to anthropogenic activities, such as mines, foundries, smelters and other metal-based industrial operations (Al-Attar 2011; Tchounwou and others 2012) , with cigarette smoking being the main non-occupational source of heavy metal pollution (Langárd and Costa 2007; Prozialeck and Edwards 2012) . The increase in heavy metal levels in the water sources, directly affects the people in the affected areas that are using the water for consumption, preparing food, and bathing, as well as the irrigation of crops. Heavy metals can be absorbed through the skin, orally or through inhalation (Awofolu and others 2005; Venter and others 2015) . The degree of heavy metal toxicity depends on dose, duration, route of administration and other physiological factors, especially nutrition (Al-Attar 2011; Chowdhury 2009 ). In addition, exposure is not limited to a single heavy metal but a mixture of different 3 types such as a combination of cadmium (Cd), chromium (Cr), Mercury (Hg) and/or Copper (Cu) .
In this study the heavy metals Cd and Cr were focused on based on the likelihood of being exposed to them in South Africa. South Africa is known for its thriving mining sector which include manganese, platinum, gold, diamond, chromium and vanadium mines, of which the waste can cause heavy metal pollution, if not discarded correctly. This is unfortunately seen in areas in the Gauteng and Western Cape provinces in South Africa (Malan and others 2015; Venter and others 2015) . Both these metals can, depending on the route of exposure, effect the lungs, liver, kidneys, cardiovascular and skeletal systems and may lead to cancer (Jomova and Valko 2011; Langárd and Costa 2007; Prozialeck and Edwards 2012) . Only the liver and kidneys were focused on in this study, as these organs play a major role in the absorption, distribution and excretion of toxic compounds, like Cd and Cr (Timbrell 1999 ). In the liver and kidney, Cd and Cr are metabolized differently, but induce similar effects namely oxidative stress that leads to lipid peroxidation, protein and DNA damage and apoptosis.
These effects may lead to functional and ultrastructural changes to the tissue and cellular components of the liver and kidney (Timbrell 1999; .
The aim of this study was to investigate the possible changes and bio-accumulation in the liver and kidney tissue of male Sprague-Dawley rats after exposure to Cd and Cr alone and in combination.
Material and methods

Spraque-Dawley rat model
Six week old male Spraque-Dawley rats (200-250g) were obtained from the University of Pretoria Biomedical Research Centre (UPBRC). A room temperature of 22°C (±2°C); relative humidity of 50% (±20%) and a 12 hour light/dark cycle were maintained during the entire 4 study. All experimental protocols complied with the requirements of the University of Pretoria Animal Ethics Committee (Animal ethics number: H009-15). Twenty four rats were randomly divided into four groups, containing 6 rats each. The animals were allowed to acclimatise for 7 days prior to exposure for 28 days. 
Metal administration
Termination
The rats were terminated via isoflurane overdose, according to standard methods employed by the UPBRC. The liver and kidneys were harvested and processed for transmission electron microscopy (TEM) and electron energy-loss spectroscopy analysis (EELS).
Blood collection
Approximately 5mℓ volume of blood was collected on the day of termination (day 28) via cardiac puncture under isoflurane anaesthesia. The blood was then collected in a citrate tube, and the levels of the following were determined: total serum protein (TP), alanine aminotransferase (ALT), alkaline phosphatase (ALP), aspartate aminotransferase (AST), urea nitrogen (UN), creatinine and total bilirubin (TB).
Statistical analysis
Statistical analysis on the blood chemistry analysis were performed on GraphPad Prism Version 6.01 using 1-way ANOVA and Tukey's multiple comparisons test, where a p-value of ≤ 0.05 was considered significant.
Transmission electron microscopy analysis
The liver and kidney tissue samples were cut into 1mm 3 blocks and fixed in 2.5% glutaraldehyde (GA) and formaldehyde (FA) for 1 hour, rinsed three times in 0.075M sodium potassium phosphate buffer (pH=7.4) for 15 minutes each before the samples were placed in the secondary fixative, a 1% osmium tetroxide solution, for 1 hour. Following fixation, the tissue samples were rinsed again as described above. The tissues were then dehydrated in 30%, 50%, 70%, 90% and three changes of 100% ethanol. The samples were embedded in resin and ultra-thin sections (70-100nm) were cut with a diamond knife using an ultramicrotome. Samples were contrasted with uranyl acetate for 5 minutes followed by 2 minutes of contrasting with lead citrate, after which the samples were allowed to dry for a few minutes before being examined with the JEOL TEM (JEM 2100F). The EELS spectra were collected in normal parallel beam TEM mode, without an objective aperture and employing a GIF entrance aperture of 3mm. This allowed for the use of a large collection semi-angle, β~100mrad, which greatly improved the jump ratio of the spectra. To remove the effects of plural scattering and the contribution from low energy plasmon losses, each spectrum was background subtracted using a power law line shape. This was followed by further deconvoluting the ionization edges using a Log-Fourier iterative process, as to remove all other plural scattering contribution. The EFTEM maps were collected using the Gatan 3 window method with an energy slit width of 20eV. For construction of the Cr map, the pre-edge 1 and pre-edge 2 energy windows were centred at 545 and 565eV, respectively, whereas the post-edge window was centred at 585eV so as to coincide with the onset of the Cr L 2,3 ionization edge at 574eV. The positions of the pre-edge 1 and 2 windows were based on the background subtraction model obtained from the EELS analyses when using 2 energy windows. This ensured that only energy loss contributions from the metal under investigation were mapped. Similarly, for mapping of the energy-loss contributions of Cd, the pre-edge 1 and 2 windows were placed at 364 and 384eV, with a post-edge onset centred at 414eV.
Electron energy-loss spectroscopy analysis
Results
In a rat model representing chronic oral exposure to Cd and Cr alone and in combination at 1000 times the WHO limit the effects of exposure on blood parameters and tissue ultrastructure was evaluated.
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Blood chemistry test
The TP levels in the combination group were significantly lower than that of the group exposed to Cd alone. The levels of ALP and creatinine in the combination group were significantly lower than the control group. The bilirubin levels, although not statistically significant, showed a slight increase in the exposed groups, compared to the control.
Compared to the controls no increases in ALT, AP or AST were observed (Table 2) . 
Transmission electron microscopy
With TEM, the following ultrastructural features associated with tissue damage were sought and this included cellular, nuclear and mitochondrial membrane disruption, irregular chromatin condensation, mitochondrial inner membrane swelling and rough endoplasmic reticulum (rER) dilation. For the kidney this included the ultrastructural of the endothelial cells, pedicles, podocytes and mesangial cells.
In Figure 1 the hepatocytes and nuclear ultrastructure of these cells are presented. Normal hepatocyte morphology was observed in all control samples ( were observed in all the rats. No inner matrix alterations were seen in the mitochondria of the control liver tissue ( Fig. 2A) . The hepatocytes of the Cd exposed group showed the presence of nuclear and mitochondrial membrane disruptions that were more prevalent than in the control group [ Fig. 1D (arrow) and 2D, respectively]. Irregular chromatin condensation is present in the nuclei (Fig. 1C ), but no inner matrix swelling is seen in the mitochondria (Fig. 2C ). In the Cr experimental group, nuclear outer membrane The two main areas of the kidney involved in toxicity and filtration were evaluated. Firstly the proximal convoluted tubule (PCT) was analysed, as it is the part of the kidney most likely to
show any changes that occurred in the kidney tubules (Tavafi, et al., 2016) . The second area of the kidney analysed was the glomeruli. The glomeruli will show any changes in the 11 filtration system of the kidney. In the control group, minimal changes were seen in a few of the rats analysed, with negligible nuclear outer membrane alterations [ Fig. 3C (arrow)] as well as mitochondrial membrane changes (Fig. 3E) . No changes were seen in the PCT cell membrane, rER (Fig. 3A) and mitochondrial cristae (Fig. 3E) as would be expected for the control samples. The components of the glomeruli: endothelial cells (involved in the filtration system), pedicles, mesangial cells and podocytes, all showed minimal to no alterations in the control group (Fig. 3B, D and F) . Changes in the organelles of the PCT of the Cd exposed group ( Fig. 4C and E) were more prevalent than in the control group, with a noteworthy increase in the occurrence of irregular chromatin condensation seen in the nucleus (Fig. 4A ).
Minimal alterations were also seen in the endothelial cells and pedicles of the glomeruli [Fig. 4B and D (arrow)] . No changes were noted in the mesangial cells and podocytes (Fig. 4F ).
In the Cr experimental group, changes were seen in the outer membrane [ 
Electron energy-loss spectroscopy
The following figures are examples of how the EELS and EFTEM results were generated when analysing the liver and kidney samples of all the experimental groups.
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Energy filtered transmission electron microscopy In Figure 9 and 10 the EFTEM micrographs are shown of the liver and kidney tissue, respectively. The analysis of the control group showed a noisy signal that does not bioaccumulate specifically in any organelle ( Fig. 9 and 10 A and B) . With the Cd exposed groups, the EFTEM analysis revealed that Cd bio-accumulates not only in the organelles, but also on the membranes of the organelles ( Fig. 9 and 10 C and D, respectively). Cr on the other hand mostly bio-accumulates on the membranes of the organelles ( Fig. 9 and 10 E and F). This trend of specific localisation was also seen in the Cd and Cr group with EFTEM analysis (Fig. 9 and 10 G and H).
Discussion
The increase in heavy metal exposure is of great concern and the effects on the environment, animals and humans should be constantly evaluated ( Many studies have investigated the effect of Cd or Cr administered either as a single dosage or as several smaller dosages over a period of several days. Although these studies identify the toxicity of these metals, the relevance of dosage related to actual human exposure is unknown. In the present study, metal dosages were selected to identify the effect of a 1000 times human exposure limit on liver and kidney function and structure using a rat model.
Very rarely is exposure to a single metal but rather complex mixtures of metals in varying concentrations and therefore this is a first of a series of studies we wish to undertake to evaluate the toxicity of metal combinations.
Blood markers of liver and kidney damage were not raised, indicating normal liver and kidney function. TP, ALP and creatinine levels were reduced but were only significant for the (Suzuki and others 2005) . Compared to the control, creatinine levels were significantly lower in the metal combination group and may indicate renal tubular dysfunction (Asagba and Obi 2004; Babaknejad and others 2015) . Several researchers have also reported lower ALP and creatinine levels after exposed to Cr Kumar and others 1984) . The TP and bilirubin levels (although the latter was not significant) were altered and may suggest early changes in liver and kidney function. Similar results were obtained in the studies of Lakshimi, et al. and Kumar, et al. where after exposure to Cd and Cr, the TP and bilirubin levels were decreased and increased respectively (Kumar and others 2013; Lakshmi and others 2012) . The blood chemistry results show no major damage to the liver or kidneys.
However, small reductions in TP, creatinine and ALP indicates that some changes in the tissue biochemical functioning has occurred.
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The morphological changes and bio-accumulation of Cd and Cr alone and in combination in the liver and kidneys of male Sprague-Dawley rats was then analysed. Minor ultrastructural changes were found in nucleus, mitochondria and rER of all the experimental groups. Organ specific changes were also seen in the components of the glomerular filtration barrier namely the pedicles and endothelial cells. Small amounts of the metals were found in the liver and kidney tissue with the EELS and EFTEM analysis. The Cd accumulated in the nucleus and mitochondria, where Cr was primarily found at the membranes of the nucleus, mitochondria and rER.
Reactive oxygen species (ROS) is generated in several organelles including the endoplasmic reticulum and mitochondria. This occurs during normal cellular metabolism such as oxidative protein folding and mitochondrial respiration and this process is tightly In a previous in ovo study by the authors, we found that increasing concentrations of Cd and
Cr caused increased organelle damage associated with the accumulation of Cd and Cr in the nuclei and mitochondria of the liver and kidney .
Madejczyk, et al., undertook a time based study and found that with a single intraperitoneal injection there was accumulation of Cd and Cr in the liver. With time metal levels decreased but ROS and cellular damage increased. This was associated with changes in the expression of genes associated with oxidative stress, metabolism, DNA damage, cell cycle and inflammatory responses (Madejczyk and others 2015) . The present study clearly shows that Cd and Cr accumulate in specific compartments such as the mitochondria, rER, nucleus and membranes directly involved with these processes.
Conclusion
In conclusion, exposure to Cd and Cr alone and in combination at levels that do not increase markers of liver or kidney damage however these metals were found to cause changes in the ultrastructure of several organelles of the liver and kidney. Metal bio-accumulation was observed in the nucleus, mitochondria and rER of the liver and kidney. At these sites the metals can induce DNA-and protein damage and lipid peroxidation which can cause functional changes in tissue and organ function.
